Intraerythrocytic development of the human malaria parasite Plasmodium falciparum appears as a continuous flow through growth and proliferation. To develop a greater understanding of the critical regulatory events, we utilized piggyBac insertional mutagenesis to randomly disrupt genes. Screening a collection of piggyBac mutants for slow growth, we isolated the attenuated parasite C9, which carried a single insertion disrupting the open reading frame (ORF) of PF3D7_1305500. This gene encodes a protein structurally similar to a mitogen-activated protein kinase (MAPK) phosphatase, except for two notable characteristics that alter the signature motif of the dual-specificity phosphatase domain, suggesting that it may be a low-activity phosphatase or pseudophosphatase. C9 parasites demonstrated a significantly lower growth rate with delayed entry into the S/M phase of the cell cycle, which follows the stage of maximum PF3D7_1305500 expression in intact parasites. Genetic complementation with the full-length PF3D7_1305500 rescued the wild-type phenotype of C9, validating the importance of the putative protein phosphatase PF3D7_1305500 as a regulator of pre-S-phase cell cycle progression in P. falciparum.
M
alaria caused by Plasmodium falciparum infection is the major type of severe malaria and results in hundreds of thousands of deaths each year and hundreds of millions of clinical illnesses (1, 2) . Within the blood of infected individuals, asexual forms of the intraerythrocytic parasite grow rapidly through successive cycles of growth and proliferation. In each asexual generation, active entry into erythrocytes is followed by a growth phase culminating in dynamic release of erythrocyte-invading merozoites. The Plasmodium mitotic cycle is not fully understood and differs from the well-defined models established in yeast and mammalian cells (3) . Observing the exact mitotic transitions during the cycle has been difficult due to variations in processes such as chromatid segregation, nuclear division, and spindle formation (4) . However, this pattern of development has been observed in other members of the Apicomplexa, such as Toxoplasma gondii and Eimeria tenella, demonstrating the importance and conservation of this process across the phylum (5, 6) .
In eukaryotic systems, phosphorylation cascades are critical to cellular development and depend on the coordinated activity of kinases, which are in turn modulated by the activity of phosphatases. There is growing evidence that kinases are critical regulators of cell growth and development in Plasmodium species (7) (8) (9) . Plasmodium kinases, for example, have been found to be involved with the initial invasion of host cells in addition to egress and differentiation (6, 10) . Additional studies have identified kinases in phosphorylation cascades of the gametocyte-ookinete-oocyst transition in the mosquito midgut (11) (12) (13) (14) (15) (16) (17) . In contrast, few studies have described the phosphatases involved in these processes, which would understandably function with kinases to coregulate cell cycle progression at key checkpoints (18) (19) (20) (21) (22) . This dearth of information about phosphatases may be due to a smaller relative number of identifiable phosphatases than of kinases in the Plasmodium genome (20, 23) . However, it is not uncommon for phosphatases to be fewer due to their nonspecific mechanism of targeting phosphorylated substrates (24) .
The protein tyrosine phosphatase (PTP) superfamily is defined by a conserved CX 5 R motif located in a phosphate-binding pocket. Dual-specificity phosphatases (DUSPs) are a subset of this superfamily that includes the mitogen-activated protein kinase (MAPK) phosphatases (MKPs). MKPs are frequently involved in regulation of cell cycle progression, growth, and proliferation (25) . One class of MKP is characterized by the presence of a noncatalytic N-terminal rhodanese (RHD)-like domain utilized for substrate recognition upstream from a catalytic DUSP domain (26) (27) (28) . In P. falciparum, the PF3D7_1305500 gene is the only one encoding a product with these characteristics (20) . In this study, we hypothesize that PF3D7_1305500 is an atypical MAPK phosphatase of P. falciparum expressed during intraerythrocytic development.
MATERIALS AND METHODS
In vitro parasite culture conditions. P. falciparum NF54 and mutant C9 clones were cultured according to standard methods at 37°C (5% O 2 and 5% CO 2 , nitrogen balanced) in 5% hematocrit (O ϩ blood) and RPMI 1640 medium with 0.5% Albumax II, 0.25% sodium bicarbonate, and 0.01 mg/ml gentamicin (29) . The C9 mutant parasite line was created by random insertional mutagenesis using the piggyBac transposon pXL-BACII-HDGH. The location of the insertion in the PF3D7_1305500 open reading frame (ORF) was confirmed by thermal asymmetric interlaced (TAIL) sequence analysis.
Determination of merozoite number per schizont. Parasite cultures were double synchronized by standard methods using 5% sorbitol (29) . Merozoites were counted in 300 singly infected segmented schizonts in Giemsa-stained thin smears from NF54 and C9 cultured parasites 40 h postsynchronization to determine the average number of merozoites produced per schizont.
RNA extraction and analysis by qRT-PCR and RT-PCR. NF54 RNA was collected from 6 intraerythrocytic developmental stages (early rings, late rings, early trophozoites, late trophozoites, early schizonts, and late schizonts [ER, LR, ET, LT, ES, and LS, respectively]) followed by saponin lysis, suspended in TRIzol reagent (Life Technologies), RNA purified, and treated with DNase I. Purity was confirmed by PCR carried out without the addition of reverse transcriptase (RT). PF3D7_1305500 was amplified using primers 5=-TCGATTTTGAGGAGCTGAA-3= and 5=-GGGTAAAA CATCCTTTTTGTT-3= with the SuperScript III Platinum SYBR Green One-Step quantitative RT (qRT)-PCR kit (Life Technologies) following the manufacturer's protocol. The relative expression of PF3D7_1305500 was then normalized against actin (PFL2215w). For RT-PCR analysis, 100 ng DNAse I-treated total RNA was amplified using primers 5=-CACCAT GGAATATAAAAGCATCGATTTTG-3= and 5=-GTTTATGTAATTATT TATTACTATAAATGGTC-3= and analyzed by horizontal agarose gel electrophoresis. As a control, 18 RNA (PF3D7_0112300) was amplified for each sample.
Plasmid constructs and genetic complementation. The plasmid was developed with the full-length PF3D7_1305500 ORF and its native 700-bp 5= untranslated region (UTR) using primers 5=-CACCCTACCCCTGTA TTATTTCCTACCCTC-3= and 5=-GTTTATGTAATTATTTATTACTAT AAATGGTC-3= along with a C-terminal hemagglutinin (HA) tag and a 3=UTR calmodulin (CAM) termination sequence. The transfection plasmid carried a blasticidin S deaminase (BSD) drug selection cassette under the control of the 5=UTR of the gene encoding histidine-rich protein (HRP3), and the 3= UTR of the gene encoding histidine-rich protein-2 (HRP2) was used for drug selection. The vector included two inverted terminal repeat regions (ITR1 and ITR2), a feature included to promote the integration of a stable ORF as done in previous transgenic expression systems (30) . Schizonts were isolated from a 20-ml culture with 3 to 5% parasitemia using a VarioMACS Separator (Miltenyi Biotec) and counted with a hemacytometer. Fresh 50% hematocrit blood was washed, combined with Cytomix (29) in a 1:1 (vol/vol) ratio, aliquoted into chilled 2-mm cuvettes, and electroporated using a Gene Pulser Xcell CE (BioRad) to load erythrocytes (RBCs) with transposon and helper plasmids purified using methods described previously (31) . Positive transfected clones were selected using blasticidin, diluted, transferred to 96-well culture plates, and maintained for 17 days to select individual clones.
Plasmodium falciparum growth assay and cell cycle determination. Growth assays for cell cycle determination were performed by maintaining tightly synchronized cultures of P. falciparum NF54 and C9 clones at 0.5 to 2% parasitemia for 168 h. Parasite cultures were started at the same parasitemia, and time point cultures were collected every 2 h and then fixed in 0.05% glutaraldehyde after removal of culture medium. Parasitemia was estimated using flow cytometry as described previously (32) by staining parasites with ethidium bromide and analyzed using an Accuri C6 flow cytometry system (BD Accuri). A total of 100,000 cells were counted for each sample, and the data were analyzed using CFlow Plus software (BD Accuri). The cell cycle was determined by comparing the relative abundance of each developmental stage at each time point according to methods developed previously (33) . The relative fold change was determined by calculating the fold increase in parasitemia between time zero and the endpoint. Each sample was then plotted as a percentage relative to NF54.
Whole-genome sequencing. To create a reference genome for the parental line, NF54 genomic DNA (gDNA) was converted into Illumina sequencing libraries using both PCR-free (34) and Kappa HiFi methods (35) in order to minimize the bias against AT-rich DNA that is introduced by PCR enzymes in standard Illumina sequencing methodologies. NF54 libraries were sequenced with 76-bp and 250-bp paired end reads on an Illumina HiSeq and MiSeq (ENA accession numbers ERS038926 and ERS184445, respectively). The sequence data were assembled into an NF54 reference genome using ICORN (36) , which iteratively mapped, compared, and corrected the reads against the P. falciparum 3D7 reference genome from GeneDB (37) . ICORN ran 7 iterations and corrected 526 1-bp substitutions and Ͼ600 small insertion and deletions. Annotation was transferred onto this NF54 genome from the 3D7 reference using RATT (38) .
An Illumina library was generated from PF3D7_1305500 mutant (C9) mutant strain gDNA using the Kappa HiFi amplification methodology and sequenced with 76-bp paired end reads on an Illumina HiSeq (ENA accession ERS038913). C9 and NF54 76 bp reads were mapped against the NF54 genome using SMALT (http://www.sanger.ac.uk/resources /software/smalt/; parameters: -r, 0; -i, 800; -y, 0.9; index was done with -k of 13 and -s of 3); 90.2% and 89.7% of reads mapped to the NF54 genome, with an average coverage of 54ϫ and 57ϫ, respectively, for the NF54 and C9 data. To identify locations where C9 differed from the parental NF54 genome, we merged the two BAM files using individual read group and run GATK (39) to realign the reads and call variants using the Plasmodium falciparum settings. Variations were called when the quality score was higher than 60 and when both samples had 10 or more reads mapping to the potential variant locus.
Illumina sequence data were also used to confirm the location of the piggyBac insertion site in the C9 genome. The sequence of the piggyBac transposon was added to the NF54 genome sequence, and then the C9 reads were mapped against this combined genome with SMALT using the -x parameter, which maps each read pair independently. We then searched for mate pairs in which one read mapped to the piggyBac sequence and the other within the reference genome.
Multiple alignments and phylogenetic analysis. The sequence of PF3D7_1305500 and orthologous Plasmodium sequences were retrieved from PlasmoDB v9.2 (www.plasmodb.org). Outlier species were identified through BLAST searches with the DUSP domain using NCBI BLASTP. Sequences with the greatest homology to the PF3D7_1305500 ORF were retrieved and used to build the multiple alignments using ClustalW (40, 41) . The evolutionary history was inferred using a phylogenetic tree created using the neighbor-joining method with 1,000 bootstrap replicates MEGA5 (42) (43) (44) .
RESULTS

Identification of an attenuated growth mutant in P. falciparum.
A collection of unique mutant clones was created from a laboratory line of P. falciparum NF54 using random insertional mutagenesis with a piggyBac transposon (31) . The C9 parasite line carried one copy of a piggyBac transposon (pXL-BACII-HGDH) inserted at the TTAA nucleotides 199 to 202 downstream of the start codon at the 5= end of the single ORF of PF3D7_1305500 (Fig. 1A ) (see the supplemental material). Intraerythrocytic growth for clone C9 was analyzed and determined to be severely attenuated with a net growth rate consistently ϳ50% of the NF54 parent (Fig. 1B) . The growth-attenuating mutation in C9, though serious, is not fatal and allows the parasites to develop in a seemingly normal pattern in culture. During development, intraerythrocytic stages did not demonstrate any obvious differences in morphological characteristics ( Fig. 2A) , and the mean numbers of merozoites produced did not vary significantly from those of the NF54 parent (Fig. 2B) . It was apparent that each cycle of the mutant parasite required a longer development time, but otherwise, the organism appeared morphologically similar in Giemsastained thin blood smears. While the longer cell cycle length can account for some of the lower growth rate, the merozoites also appear to have a lower invasion rate.
Defining characteristics of PF3D7_1305500 MKP. The protein encoded by PF3D7_1305500 was determined to have two key structural features, an RHD domain followed by a DUSP-like domain. Bioinformatics analysis defined this tandem arrangement as characteristic of certain MKPs conserved within humans and other model organisms such as fruit fly and yeast (45) (46) (47) (48) . It is for this reason that we refer to the PF3D7_1305500 product as P. falciparum MKP1. The conserved signature motif of CX 5 R, which is typically definitive of DUSP domains in MKPs, is only partially conserved in PF3D7_1305500 (Fig. 3A) . The putative binding pocket of MKP1 was identified through BLAST searches and multiple sequence alignments with MKPs that have three-dimensional (3-D) crystal structures (Plasmodb version 9.2; NCBI GenBank Flat files release 193.0). Within this binding pocket, the amino acid residue cysteine-383 (C383) along with another residue of the catalytic triad aspartate-345 (D345) are conserved and align with conserved cysteine and aspartic acid of the other identified DUSPs. However, the third conserved catalytic residue, arginine, aligns with isoleucine-398 (I398) in PF3D7_1305500. During dephosphorylation, the conserved arginine is critical for dephosphorylation activity, since active DUSP domains often depend on arginine to maintain the transition state with the phosphorylated substrate (28) . Absence of arginine is expected to drastically reduce the catalytic activity of the DUSP; therefore, this is an important departure from the consensus motif defined for catalytically active DUSP domain orthologs and would be expected to reduce phosphatase activity (28, 49) .
Prior mutagenesis studies and analyses of catalytic domains in the DUSPs of model organisms suggest that unique characteristics, such as the ones identified in PF3D7_1305500, may be characteristic of a pseudophosphatase or a low-activity phosphatase (50) (51) (52) . Additionally, there is an insertion of nine residues disrupting the spacing within the CX 5 R signature motif. Though it cannot be determined if this insertion changes the three-dimensional structure within the putative binding pocket, this unique stretch of residues is conserved in each of the Plasmodium orthologs. Conservation of these unique characteristics in Plasmodium species supports the formation of an individual clade (Fig. 3B) . PF3D7_1305500 regulates transition from pre-S phase to S/M phase. In wild-type parasites, the highest relative abundance of PF3D7_1305500 transcripts is at the end of the pre-S development phase (i.e., late trophozoite) during intraerythrocytic development (53) . This expression profile coincides with the stage when the C9 mutant cycle deviates from the wild-type cell cycle (Fig. 4) . Utilizing the detailed time course experimental protocol developed previously (33), the timing for NF54 was determined to be 46 h compared to 52 h in the C9 MKP-null mutant. The difference resulted entirely from a prolonged pre-S trophozoite stage causing late entry into the S/M schizont phase. The duration of schizont development (S/M Ϫ C) was similar in C9 and NF54, making pre-S phase the only abnormal growth phase of the intraerythrocytic cycle (Fig. 5) .
Phenotype rescue of wild-type growth by genetic complementation. Attenuated growth of the C9 MKP-null mutant remained stable over multiple subsequent generations, suggesting that survival was not due to phenotype reversion. This is consistent with general experience using the piggyBac system as it is now extensively used in a number of organisms, and the transposable elements remain integrated in the genome in the absence of transposase (31, (54) (55) (56) (57) (58) . However, the extended maintenance of P. falciparum intraerythrocytic cultures required for transfection and the selection process in the experimental studies increases the possibility for secondary mutations to alter the cell cycle or cause growth attenuation. Therefore, to validate that the phenotype was due to disruption of PF3D7_1305500, we genetically complemented the C9 mutant with a full-length copy of PF3D7_1305500, including its putative promoter region (Fig. 6A) . The 700-bp 5= intergenic region between PF3D7_1305500 and the upstream gene MAL13P1.28 was added to the ORF to ensure that the native promoter was included. Using the BSD resistance marker on the complement vector, we were able to select for two independent cloned lines, E3 and E8. RT-PCR analysis of both E3 and E8 revealed that the complemented parasite lines transcribed PF3D7_1305500, in contrast to what occurred with C9, which did not have detectable transcripts (Fig. 6B) . By Southern blotting hybridization analysis, it was also determined that the complemented parasite lines maintained the full-length copy of PF3D7_1305500 as stable episomes (data not shown). This finding was also confirmed by whole-genome sequencing of the mutant and complemented parasite lines (Table 1) . Forty-four positions met the criteria as potential differences between the C9 and parent strains, comprising 40 single-nucleotide polymorphisms (SNPs) and 4 indels. Of these potential variants, only 11 occurred within open reading frames. Closer examination of these 11 revealed that 9 fall into low-complexity regions, repetitive sequence and homopolymer tracts, and hence clear calling of variants is not possible. Only 2 SNPs were confirmed in coding sequences outside such low-complexity regions, one in PF3D7_0704000 and one in PF3D7_0730300. PF3D7_0704000 is a conserved protein of unknown function, and C9 contains a nonsynonymous mutation (D to Y) at position 4201 of the predicted protein sequence. PF3D7_0730300 is a member of the AP2 family of transcription factors that is known to play a role in liver stage parasite development, but with no known role in blood stage parasites. C9 contains a nonsynonymous mutation (G to E) at position 3047 of the predicted protein, which is near the C terminus of the protein and well outside the AP2 DNA binding domains. Using the Illumina sequence data to confirm the location of the piggyBac insertion site confirmed only a single piggyBac insertion site in the C9 genome, at position 271000 of chromosome 13.
Complementation of the C9 mutant with the full-length copy of PF3D7_1305500 rescued the phenotype of both E3 and E8 as evident by their return to normal growth (Fig. 6C) . Significance of the phenotypic rescue was determined by Kruskal-Wallis comparison (P ϭ 0.0038) with Dunn's multiple-comparison test to determine significance between each sample.
DISCUSSION
Cell cycle progression in P. falciparum and completion of intraerythrocytic development is highly dependent on a precise pattern of metabolic events. Disruption of any of the numerous biochemical pathways and processes is anticipated to have detrimental effects on the efficiency of this process. In our study, we discovered that normal cell cycle development was delayed by disruption of PF3D7_1305500, indicating that this atypical phosphatase is a regulator of the P. falciparum cell cycle. The delayed transition from the pre-S trophozoite to the S/M schizont suggests this transition phase during the parasite's intraerythrocytic growth is a cell cycle checkpoint. Rescuing the phenotype in the null mutant through genetic complementation validated the notion that the attenuated phenotype was due to disruption of PF3D7_1305500.
Considering the attenuated phenotype along with the homology found between PF3D7_1305500 and the other well-characterized MKPs, it can be suggested that this putative atypical phosphatase might fulfill a similar function regulating MAPK in Plasmodium. MKPs of similar structure are often involved in signaling pathways, which is a likely function of PF3D7_1305500 (20, 59) . Investigations in yeast demonstrate that MKPs are critical components of various signal transduction pathways that regulate transcription and maturation, which can also have an influence on the cell cycle (45, 46) . Disruption of such functions in P. falciparum could produce the phenotype observed in C9. This domain structure is not evident in any other gene in the P. falciparum genome, but single-copy orthologs are evident in all of the other Plasmodium species with completed genomes, suggesting that its function is conserved among all malaria parasites. The presence of phase leads to an overall longer cycle time producing a slow-growing phenotype. The blue, red, and green graph lines represent the relative abundance of rings, trophozoites, and schizonts, respectively. The pre-S phase in NF54 is 26 h andis followed by a 16-h S/M phase and 2-h cytokinesis (C). In C9, the cycle time is increased by 6 h due to the longer 32-hour pre-S phase. Late entry into the S/M phase coincides with the timing for peak expression of PF3D7_1305500, suggesting that the deficiency in the mutant cycle can be correlated to the gene expression pattern.
FIG 6
Gene complementation of the C9 mutant rescues the wild-type phenotype. (A) The plasmid construct used to complement the attenuated C9 parasite line was developed using the full-length PF3D7_1305500 ORF inserted adjacent to a BSD drug selection cassette. (B) RT-PCR analysis detected PF3D7_1305500 transcripts in NF54 and the complemented parasites (E3 and E8), but not in the C9 MKP-null mutant (upper arrow). As a positive control, 18S RNA was also included for each sample (lower arrow). (C) The relative fold changes of complemented parasites (E3 and E8) were statistically the same as those of wild-type NF54, demonstrating successful rescue of the phenotype.
an RHD domain upstream of the DUSP is consistent with a secondary regulatory function that aids in substrate recognition and activity of MKPs (25, 27, 60) . Conservation of this domain in PF3D7_1305500 as determined by bioinformatics analysis implicates an MAPK-like function for this atypical phosphatase.
Imprecise identification of PF3D7_1305500 as a putative protein phosphatase was likely due to the limited conservation of the conserved CX 5 R signature motif. Each catalytic residue is critical to optimal function of a phosphatase, and the modifications suggest that this DUSP may not be highly catalytic or possibly a pseudophosphatase. Noncatalytic pseudophosphatases typically maintain structural homology with active phosphatases, allowing them to trap phosphoproteins, thereby regulating cellular functions without dephosphorylation activity (51, 52) . One such DUSP homology domain in pseudophosphatases is referred to as a serine/threonine/tyrosine interacting (STYX) domain, which has an endogenous substitution of one, or more, of the catalytic residues (51, 61, 62) . Reports of pseudophosphatase activity in Caenorhabditis elegans demonstrate this function as an important role fulfilled by Egg-4 and Egg-5 in controlling oocyte-to-zygote transition (63) . It has also been proposed that physical access of native phosphatases is blocked by these pseudophosphatases, which exert a "dominant negative" function, thereby protecting substrates from dephosphorylation (52). This is not a surprising regulatory mechanism, considering that the DUSP binding pockets generally lack substrate specificity. Interestingly, members of the Apicomplexa possess a unique group of pseudophosphatases with long N-terminal domains and EF-hand motifs termed "EFPPs" (64) . However, a grouping of the variety of STYX domain pseudophosphatases, which have a substitution of the cysteine residue in the CX 5 R motif, has never been characterized in Plasmodium. The PF3D7_1305500 product does not have the EF-hand motif or Ca 2ϩ binding sites typically associated with the EFPP grouping; however, MKP1 is missing the conserved arginine that would make it a unique classification of putative protozoan pseudophosphatase.
The pressing need for new antimalarial drugs and identification of new targets is critical due to emerging resistance to frontline drugs and the lack of diverse chemotherapeutic targets (65, 66) . Furthermore, there have not been any new classes of antimalarial drugs introduced into clinical practice since 1996 (67-69). As a result, the preferred methods for use of antimalarial drugs have been combination therapies due to the foreseeable challenges associated with monotherapy or highly mutable drug targets (66, 70) . Kinases and other regulators of phosphorylation pathways of malaria parasites represent potential high-value targets for future antimalarial drugs. However, the complex processes of phosphorylation cascades in Plasmodium are poorly understood and limit our ability to identify the highest-value targets. Our discovery of PF3D7_1305500 as an important regulator of the cell cycle helps elucidate the trophozoite-to-schizont transition stage as a potentially vulnerable step of the developmental cycle and will help create new avenues into understanding Plasmodium biology. The phenotype associated with C9 highlights this pathway and the regulated processes as potential targets. With further delineation of the function of the PF3D7_1305500 and identification of its interacting partners, additional knowledge arising from its study will aid future drug discovery. No  C9  13  271000  Yes  PF3D7_1305500  No  2  PF3D7_0704000, PF3D7_0730300  E3  13  271000  Yes  PF3D7_1305500  Yes  2  PF3D7_0704000, PF3D7_0730300  E8  13  271000  Yes  PF3D7_1305500  Yes  2  PF3D7_0704000, PF3D7_0730300 a A single SNP in the putative clathrin coat assembly protein AP180 was present in all samples. This experiment also validated that the complementation of C9 was episomal.
